Inspection of the genomes of Streptomyces coelicolor A3(2) and Streptomyces avermitilis reveals that each contains 55 putative eukaryotic-type protein phosphatases (PPs), the largest number ever identified from any single prokaryotic organism. Unlike most other prokaryotic genomes that have only one or two superfamilies of eukaryotic-type PPs, the streptomycete genomes possess the eukaryotic-type PPs that belong to four superfamilies: 2 phosphoprotein phosphatases and 2 low-molecular-mass protein tyrosine phosphatases in each species, 49 Mg 2+ -or Mn 2+ -dependent protein phosphatases (PPMs) and 2 conventional protein tyrosine phosphatases (CPTPs) in S. coelicolor A3 (2), and 48 PPMs and 3 CPTPs in S. avermitilis. Sixty-four percent of the PPs found in S. coelicolor A3(2) have orthologues in S. avermitilis, indicating that they originated from a common ancestor and might be involved in the regulation of more conserved metabolic activities. The genes of eukaryotic-type PP unique to each surveyed streptomycete genome are mainly located in two arms of the linear chromosomes and their evolution might be involved in gene acquisition or duplication to adapt to the extremely variable soil environments where these organisms live. In addition, 56 % of the PPs from S. coelicolor A3(2) and 65 % of the PPs from S. avermitilis possess at least one additional domain having a putative biological function. These include the domains involved in the detection of redox potential, the binding of cyclic nucleotides, mRNA, DNA and ATP, and the catalysis of phosphorylation reactions. Because they contained multiple functional domains, most of them were assigned functions other than PPs in previous annotations. Although few studies have been conducted on the physiological functions of the PPs in streptomycetes, the existence of large numbers of putative PPs in these two streptomycete genomes strongly suggests that eukaryotic-type PPs play important regulatory roles in primary or secondary metabolic pathways. The identification and analysis of such a large number of putative eukaryotic-type PPs from S. coelicolor A3(2) and S. avermitilis constitute a basis for further exploration of the signal transduction pathways mediated by these phosphatases in industrially important strains of streptomycetes.
INTRODUCTION
Reversible protein phosphorylation/dephosphorylation is a universal mechanism used to regulate protein function. Three types of regulatory protein phosphorylation mechanisms, O-, N-and acyl phosphorylation, have been defined, based on the amino acid residue undergoing the covalent modification. Protein O-phosphorylation occurs on the hydroxyl amino acids serine, threonine and tyrosine, while N-and acyl phosphorylation occur on the basic amino acid histidine and the acidic amino acid aspartic acid, respectively (Cozzone, 1988) . Protein O-phosphorylation was originally discovered in eukaryotes where it serves as the backbone of the eukaryotic signal transduction network. In contrast, protein N-and acyl phosphorylation were identified initially in prokaryotes where they are involved in the two-component signal transduction network. Results over the last 10 years, however, not only reveal that protein N-and acyl phosphorylation-mediated two-component signal transduction pathways also exist in lower eukaryotic organisms and plants (Stock et al., 2000) , but also unequivocally demonstrate that protein O-phosphorylation is a common regulatory mechanism for prokaryotes (reviewed by Kennelly, 2002; Shi, 2004) .
In eukaryotes, two classes of enzymes with opposite functions work in concert with each other to regulate the phosphorylation levels of O-phosphoproteins. One is a protein kinase (PK) that adds a phosphate group from ATP to a phosphoprotein (i.e. phosphorylation), which results in a change in the structure and function of the phosphoprotein. Another is a protein phosphatase (PP) which restores the phosphoprotein to its original structure and function by removing the phosphate group (i.e. dephosphorylation) (Cohen, 1989) . Five superfamilies of eukaryotic-type PPs have been identified: the phosphoprotein phosphatase (PPP) family, the Mg 2+ -or Mn 2+ -dependent protein phosphatase (PPM) family (Cohen, 1994) , the conventional protein tyrosine phosphatase (CPTP) family, the Cdc25 family and the low-molecularmass protein tyrosine phosphatase (LMMPTP) family (Jackson & Denu, 2001 ). Both PPPs and PPMs possess unique signature sequence motifs that span a region of about 220 or 290 aa, respectively (Fig. 1) . CPTP, LMMPTP and Cdc25, however, share a characteristic active site motif, CX 5 R (X is any amino acid). A catalytic aspartic acid is found anywhere from 25 to 50 residues on the N-terminal side of the active site cysteine in CPTP or from 80 to 110 residues on the C-terminal side of the catalytic cysteine in LMMPTP (Fig. 1) . Similarly to CPTP, Cdc25 also possesses a conserved aspartic acid located about 46 residues on the N-terminal side of the active site cysteine. This aspartic acid, however, plays no catalytic role in Cdc25. It is their molecular structures that differentiate the members of these two families (Jackson & Denu, 2001) . Thus, based on the relative location of the CX 5 R motif and conserved aspartic acid, and for the purposes of this study, we combined CPTP and Cdc25 into a single family and denote it as CPTP in this paper (Fig. 1) .
Streptomycetes are among the most numerous and ubiquitous soil bacteria (Hodgson, 2000) . Unusually for bacteria, streptomycetes also exhibit complex multicellular development (Hopwood, 1999) . The genome sequence of Streptomyces coelicolor A3(2), the best known representative of the genus, was released in 2002 and revealed an 8?7 Mb linear chromosome having a coding density very similar to that of other bacteria. The large size of this genome translates into a higher number of predicted genes than that of a simple eukaryote such as Saccharomyces cerevisiae. This genome also contains an unprecedented proportion of regulatory genes, predominantly those likely to be involved in responses to external stimuli and stresses (Bentley et al., 2002) . The second streptomycete genome, Streptomyces avermitilis, was published early last year (Ikeda et al., 2003) . This genome, at just over 9 Mb, is larger than that of S. coelicolor A3(2) with slightly fewer protein-encoding sequences (7574 instead of 7825). Comparative analysis of the two streptomycete genomes revealed that nearly 5300 genes were closely related (Ikeda et al., 2003) .
Streptomycetes show remarkable morphological differentiation during growth and antibiotic production, which undoubtedly requires various levels of regulation using different signal transduction mechanisms (Chater, 1993) . Recent studies show that protein O-phosphorylation is a widespread phenomenon in streptomycetes (Umeyama et al., 2002; Horinouchi, 2003) . One well-studied example is the afsK-afsR system from Streptomyces griseus (Ueda et al., 1993) . The afsK and afsR genes encode a serine/ threonine PK and its targeted protein, respectively. Gene replacement shows that the afsK disruptants do not form aerial mycelium or spores on medium containing glucose at concentrations higher than 1 %, but form spores on mannitol-and glycerol-containing media; this suggests that the afsK gene is essential for morphogenesis in the presence of glucose. Introduction of afsK restores aerial mycelium formation in the disruptants. A few other serine/threonine PKs, Pkg2, Pkg3 and Pkg4, have been cloned from 'Streptomyces granaticolor' (Nádvorník et al., 1999) . One of them, Pkg2, a transmembrane PK, is involved in the normal morphological development of aerial hyphae (Nádvorník et al., 1999) . A recent survey revealed the presence of 34 putative PK genes in the S. coelicolor A3(2) genome, representing about 0?5 % of all coding sequences (Petrickova & Petricek, 2003) . This suggests that the occurrence of protein O-phosphorylation in streptomycetes is much more widespread than previously demonstrated.
Meanwhile, the involvement of eukaryotic-type PPs in various metabolic activities has also been found in different streptomycete strains. The first report is a ptpA gene from S. coelicolor A3(2). Functional analysis shows that the disruption of the ptpA gene has no effects on cell growth, formation of aerial mycelium and spores, or secondary metabolism in S. coelicolor A3(2). However, overexpression of the ptpA gene in Streptomyces lividans increases the production of actinorhodin and undecylprodigiosin (Li & Strohl, 1996; Umeyama et al., 1996) . Another eukaryotictype PP gene, sppA of S. coelicolor A3(2), is involved in vegetative growth and formation of hyphae and spores (Umeyama et al., 2000) . In contrast to the eukaryotic-type PKs of streptomycetes, whose regulatory functions in primary or secondary metabolism have been well documented, our current understanding of eukaryotic-type PPs in streptomycetes is very limited. It is still unclear how The PPs of S. coelicolor A3(2) and S. avermitilis were identified in this study; the PKs of S. coelicolor A3(2) and S. avermitilis were identified by Petrickova & Petricek (2003) and Ikeda et al. (2003) , respectively; the numbers of PPs and PKs of B. subtilis 168 were from Shi et al. (1998) ; the numbers of PPs and PKs of Synechocystis sp. PCC 6803 and Anabaena sp. PCC 7120 were from Shi et al. (1998) and Zhang et al. (1998b) , and Wang et al. (2002) , respectively.
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METHODS
The approach used to identify putative eukaryotic-type PPs from the genome sequences of S. coelicolor A3(2) (www.sanger.ac.uk and www.tigr.org) and S. avermitilis (http://avermitilis.ls.kitasato-u.ac.jp) was similar to that described previously , 2003) . The CDD searched were SMART, PFAM, COG and KOG. Visual inspection was then performed to eliminate those ORFs that lacked the minimum complement of conserved sequence features considered necessary to make a functional enzyme. The specific criteria used for each family were described previously . After confirmation, the amino acid sequences of the identified putative PPs from each family and their homologues that had been biochemically characterized from other prokaryotic organisms were used to construct a phylogenetic tree with the neighbour-joining-based ALGNX program of Vector NTI from InforMax (Frederick, MD, USA). This method works on a matrix of distance between all pairs of sequences to be analysed. These distances were related to the degree of divergence between the sequences. The phylogenetic tree was calculated after the sequences were aligned. The calculated distance values are displayed in parentheses following the names of sequences (Saitou & Nei, 1987) .
RESULTS

Overview
Putative PPs belonging to all four families of protein O-phosphatases, PPP, PPM, CPTP and LMMPTP, were found in both the S. coelicolor A3(2) and S. avermitilis genomes. S. coelicolor A3(2) contained 2 PPPs, 49 PPMs and 2 each of the CPTP and LMMPTP families, while S. avermitilis possessed 2 PPPs, 48 PPMs, 3 CPTPs and 2 LMMPTPs. Thus, the total number of putative eukaryotictype PPs found was 55 for both S. coelicolor A3(2) and S. avermitilis (Table 1 ). The arrangement of the identified eukaryotic-type PP genes in these two streptomycete genomes is shown in Fig. 2 . Unlike the eukaryotic-type PK genes which were unevenly located mainly in the central conserved region of the chromosome (Petrickova & Petricek, 2003) , the streptomycete PP genes were found not only in the central region, which encodes most of the house-keeping genes essential for cell metabolism, but also in both arms that contain loci encoding proteins with probable non-essential functions, such as secondary metabolites and hydrolytic exoenzymes (Bentley et al., 2002) (Fig. 2) . Phylogenetic analysis (see following sections for details) showed that each PPP and LMMPTP found in one streptomycete genome had an orthologue in the other. Two out of three CPTPs from S. avermitilis also had orthologues in S. coelicolor A3(2). However, a number of the identified PPM-encoding genes were found to be unique to each genome. Nineteen PPMs from S. avermitilis and 20 PPMs from S. coelicolor A3(2) had no orthologue in the other genome. The distribution of unique PPM and CPTP-encoding genes in the linear chromosomes is shown in Fig. 2 .
PPPs
PPPs found in the same streptomycete genome showed only a low degree of sequence similarity to each other: SppA (SCO3941) and SCO5973 were 38 % identical, while SAV4263 and SAV2323 were 35 % identical. However, SppA and SCO5973 of S. coelicolor A3(2) were 81 and 89 % identical to SAV4263 and SAV2323 of S. avermitilis, respectively. Among the PPPs that had been biochemically characterized in other prokaryotic organisms, the identified PPPs from streptomycetes were more similar to PrpE from the Gram-positive bacterium Bacillus subtilis (Iwanicki et al., 2002) and PrpA from the cyanobacterium Anabaena sp. PCC 7120 (Zhang et al., 1998a) (Fig. 3a) . While sequence analysis of SppA or SAV4263 revealed no additional functional domains, it was noted that the PPP functional domains of each were located nearly in the middle of their respective peptide sequences. Conversely, for SCO5973 and SAV2323, the PPP functional domains were juxtaposed with a putative kinase domain at their N termini, and a fragment of unknown function of about 400 aa close to their C termini (Fig. 3b) . No putative eukaryotic-type PK gene was identified near the putative PPP-encoding genes in either streptomycete genome. (Beuf et al., 1994; Shi et al., 1999a; Irmler & Forchhammer, 2001) , SpoIIE, RsbP, RsbU RsbX and PrpC of B. subtilis (Duncan et al., 1995; Yang et al., 1996; Obuchowski et al., 2000; Vijay et al., 2000) , PA-Stp1 of Pseudomonas aeruginosa (Mukhopadhyay et al., 1999) , Pph1 of Myxococcus xanthus (Treuner-Lange et al., 2001), SA-Stp1 of S. agalactiae (Rajagopal et al., 2003) and Pstp of Mycobacterium tuberculosis (Boitel et al., 2003) . Different groups of these phosphatases are labelled on the right. Group A contains 17 identified PPMs from streptomycetes and all PPMs characterized from other prokaryotic organisms. Group B contains the remaining 80 identified PPMs of streptomycetes. The numbers in parentheses after the phosphatase names represent their calculated evolutionary distances.
PPMs
Similarities between various PPMs ranged from 23 to 100 % for those of S. coelicolor A3(2) and 20 to 76 % for those of S. avermitilis. Two ORFs encoding putative PPMs, SCP1.313 and SCP1.41C, were found in the giant linear plasmid SCP1 of S. coelicolor A3(2). SCP1.313 and SCP1.41C encoded two copies of an identical gene product and were both located 903 bp downstream of putative TetR-family regulator genes SCP1.42C and SCP1.312 (SCP1.42C and SCP1.312 were also identical), respectively (Redenbach et al., 1998) . Similarities between PPMs from different streptomycete genomes ranged from 31 to 98 %. However, only 59 % of the PPMs identified in S. avermitilis had orthologues in S. coelicolor A3(2) (Fig. 4) , while 69 % of the total encoding ORFs had orthologues (Ikeda et al., 2003) . Phylogenetic analysis indicated that only 17 of the 97 (18 %) identified PPMs fell into Group A. Members of this group showed close similarity to functionally characterized PPMs from other prokaryotic organisms (Group A, Fig. 4 ), while the rest of the identified PPMs were clustered distantly from Group A (Group B, Fig. 4 ).
In prokaryotes, the genes encoding PPMs are usually parts of operons that also encode cognate PKs and/or their phosphoprotein substrates. Inspection of the area up-or downstream of the streptomycete PPM-encoding genes revealed six and five such gene clusters in the S. coelicolor A3(2) and S. avermitilis genomes, respectively. Depending on the type of PK/phosphoprotein involved, these gene clusters can be divided into two different groups. The clusters of Group I contained genes for SpoII/Rsb-like PKs and phosphoproteins. The clusters from Group II, however, contained genes encoding eukaryotic-type PKs that showed no sequence similarity to SpoII/Rsb-like PKs (Fig. 5 ).
Many PPMs from both eukaryotes and prokaryotes contain additional domains with distinct functions (Bork et al., 1996) . A total of 30 out of 49 (61 %) and 35 out of 48 (73 %) PPMs from S. coelicolor A3(2) and S. avermitilis, respectively, were also found to possess at least one domain, in addition to their catalytic domain, with a putative biological function. The identified functional domains included PAS [PER (period clock protein), ARNT (aryl hydrocarbon receptor nuclear translocator) and SIM (single-minded protein)], GAF (cGMP phosphodiesterases, adenylyl cyclases and bacterial transcription factor FhlA), HATPase (histidine kinase-, DNA gyrase B-and HSP90-like ATPase), ANTAR (AmiR and NasR transcription antitermination regulators), RR (response regulator), TR (transcription regulator) and RsbW (a regulator of sigma B)
. Based on what additional domain(s) they might contain, 12 groups of PPMs were identified from both S. coelicolor A3(2) and S. avermitilis (Fig. 6) . Although SpoII/Rsb-like PKs have frequently been found to work in concert with PPMs in bacterial cells, these proteins are usually encoded by different genes. However, the results from the domain identification work showed that seven PPMs in S. coelicolor A3(2) and nine PPMs in S. avermitilis contained a putative catalytic domain of RsbW, an SpoII/ Rsb-like PK (Fig. 6 ). To our knowledge, this is the first report of such a protein fusion between an SpoII/Rsb-like PK and a PPM.
CPTPs and LMMPTPs
A survey of the areas around the ORFs encoding identified CPTPs and LMMPTPs found no putative PK genes. Among the CPTPs characterized from other prokaryotes, SCO6772, SAV1642 and SAV994 appeared to be closely related to MptpB of Mycobacterium tuberculosis , while SCO5306 and SAV2948 were most similar (2) and S. avermitilis genomes. PPM-encoding genes are indicated by filled arrows ( ), PK-encoding genes are indicated by filled diamond arrows ( ) and phosphoprotein-encoding genes are indicated by filled stealth arrows ( ). Group I contains genes for SpoII/Rsb-like PKs and phosphoproteins. In each Streptomyces genome, at least two such gene clusters have multiple PPs or phosphoproteins. Group II contains the genes encoding eukaryotic-type PKs. In Group II, SCO3845/SCO3848 and SAV4341/SAV4338 clusters share high sequence similarity to the well conserved modules found in other Gram-positive bacteria such as Mycobacterium tuberculosis, Mycobacterium leprae and Corynebacterium glutamicum (Boitel et al., 2003) . The genes with names starting with 'SCO' are from S. coelicolor A3(2), while the genes with names starting with 'SAV' are from S. avermitilis.
to SptP from Salmonella typhimurium and YpoH from Yersinia pseudotuberculosis (Bliska et al., 1991; Kaniga et al., 1996) (Fig. 7a) . Phylogenetic analysis also showed that LMMPTPs SC-PtpA (SCO3921) and SAV4272 had a close relationship with MptpA from M. tuberculosis , while SCO3770 and SAV3756 were closely related to SA-PtpB from Staphylococcus aureus (Soulat et al., 2002) (Fig. 7b) . Unlike some of the identified PPPs and PPMs, no additional functional domain was found in any CPTP or LMMPTP from either streptomycete genome.
DISCUSSION
Although all four families of eukaryotic-type PPs were previously found in other prokaryotic organisms, previous data have showed that only 2 of the 35 surveyed prokaryotic genomes contained all four Kennelly, 2002) . In addition, most of the surveyed prokaryotic genomes contained fewer than 10 eukaryotic-type PPs . Only soil bacterium B. subtilis 168 and two aquatic cyanobacteria, Synechocystis sp. PCC 6803 and Anabaena sp. PCC 7120, were previously found to have ¢10 eukaryotic-type PPs Zhang et al., 1998b; Wang et al., 2002) . Even considering that the genome sizes of S. coelicolor A3(2) (8?7 Mbp) and S. avermitilis (9?02 Mbp) are twice as big as those of B. subtilis 168 (4?2 Mbp) and Synechocystis sp. PCC 6803 (3?57 Mbp) and about 1?5-1?8 Mbp bigger than that of Anabaena sp. PCC 7120 (7?2 Mbp), there are still at least three times more eukaryotic-type PPs present in S. coelicolor A3(2) or S. avermitilis compared to B. subtilis 168, Synechocystis sp. PCC 6803 or Anabaena sp. PCC 7120 (Table 1) . Therefore, of those prokaryotes surveyed to date, S. coelicolor A3(2) and S. avermitilis have the most abundant putative eukaryotic-type PPs distributed among the four different families, consistent with the notion that streptomycetes contain an unprecedented proportion of regulatory genes, possibly used to regulate the cellular responses to internal or external stimuli and stresses (Bentley et al., 2002) .
Many interesting findings in this study are related to the PPMs. In addition to the fact that both surveyed genomes contain a large number of PPM-encoding genes, nearly 40 % of identified PPM-encoding genes are unique to each genome and the majority are located in both arms outside the core conserved region (Fig. 2) . Such characteristics suggest that PPM genes may have been recruited by gene acquisition, including horizontal gene transfer, and then subjected to lateral duplication. Although the presumption that streptomycetes acquired most PPMs by gene acquisition still requires more evidence, similar arguments have been proposed for the origination of some eukaryotic-type PKs in bacteria that are thought to have originated by horizontal gene transfer, including YpkA from Yersinia pseudotuberculosis (Galyov et al., 1993) . Considering the complex streptomycete life cycle and the fact that differentiation and secondary metabolism are regulated by many environmental factors, it is likely that the acquisition of valuable genes would benefit soil streptomycetes during their adaptation to a new environmental niche. Another interesting finding is that 82 % of identified PPMs are distantly related to PPMs characterized from other prokaryotes (Fig. 4) . Although the evolutionary meaning of this finding is not fully understood at this moment, it seems that the ancestors of these two groups of PPMs might have split at an early stage of evolution. Sixty one percent of the PPMs from S. coelicolor A3(2) and 73 % of the PPMs from S. avermitilis possess at least one more domain that appears to have a distinct function [such as the detection of redox potential (PAS), binding to cyclic nucleotides (GAF), mRNA (ANTAR), DNA (RR & TR) and ATP (HATPase), and phosphorylation (RsbW)] (Yang et al., 1996; Taylor & Zhulin, 1999; Ho et al., 2000; Stock et al., 2000; Vijay et al., 2000; Shu & Zhulin, 2002) , indicating that these PPMs have diverse biological roles (Fig. 6 ). Fifteen PPMs of S. coelicolor A3(2) and 17 PPMs of S. avermitilis have at least two additional functional domains (Fig. 6 ). With multifunction domains evolutionarily installed, these PPMs might serve as more efficient signal proteins with the potential to sense multiple signals and/or act on their phosphoprotein substrates in a coordinated way. Because they contained multiple functional domains, most of them were assigned functions other than those described for PPMs in previous annotations.
The presence of large numbers of eukaryotic-type PPs in S. coelicolor A3(2) and S. avermitilis clearly indicates that the protein O-phosphorylation-mediated signal transduction network, similarly to that in eukaryotic cells, might be one of the major regulatory mechanisms employed by streptomycetes. Although little information is available about the structures of this network, identification and analysis of all putative PPs as well as PKs from streptomycete genomes will provide a starting point to further explore this type of signal transduction network at the molecular level.
